Background: Very few studies have investigated the influence of regular practice of a stereotyped behaviour on its future expression. In spiders, orb-web construction is a succession of repetitive and stereotyped behaviours and is a relevant model for such study. This study examined if preventing spiders from building influences their future constructions. Spiders were caught in the field and brought back to the laboratory where they were exposed to two different situations; half were maintained in small boxes where web building was not possible, and half were maintained in large enclosures where they could build orb-webs. All spiders were tested twice: 1 week after their capture (test 1) and 12 weeks later (test 2). Their building performance was evaluated by examining silk investment (length of the capture spiral, number of radii, of spiral turns, length of the lower part of the web), web design (mesh height, asymmetry) and the frequency of anomalies in the web.
Background Lorentz (1937) defined the term stereotyped behaviours, as 'repetitive, predictive motor patterns'. Stereotypy has recently been used to describe behaviours that show low variation (Nishikawa 2000; Deban et al. 2001) or that do not vary in response to environmental changes (i.e. prey type, Mattot et al. 2005; Wainwright and Lauder 1986) . In general, stereotyped behaviours have been mostly described and studied in invertebrates, and one of the best examples is the web building behaviour of the orb-web spiders (Peters 1939a, b; Witt and Reed 1965; Vollrath and Mohren 1985) . In this context, the question is, can some form of pretreatment of an individual modify the outcome of a stereotyped behaviour? To answer this question, web construction by orb-weaver spiders appears to be a good model.
In orb-weaver spiders, web building behaviour follows three distinct phases: construction of the frame and radii, weaving of an auxiliary spiral and weaving of the sticky or capture spiral (Foelix 2011) . To weave the capture spiral, the spider starts at the periphery and uses the auxiliary spiral as a guide. During this phase, the spider's legs play an important role (Vollrath 1987a) . The spider advances step by step to produce the sticky spiral while maintaining the distance between successive turns equally (Vollrath and Mohren 1985) . Thus, completion of the capture spiral results from successive and repetitive actions, which is the definition of stereotyped behaviour.
In this context, juvenile spiders build webs as regular as those of adults: they do not need to learn (Reed et al. 1970) . In species where differences were found between the juvenile and adult webs (Szlep 1961; Burch 1979; Sensenig et al. 2011) , adult webs were less regular and symmetrical than those of juveniles, which could be due not only to an increase in spider weight during growth (Venner et al. 2003; Venner and Casas 2005) but also in changes of diet during development (Sensenig et al. 2011) . However, we cannot conclude that web building is entirely stereotyped; the highly regular structure of a geometrical web can show some variability (Eberhard 2007 (Eberhard , 2011 Harmer et al. 2011; Barrantes and Eberhard 2012; Hesselberg 2013 ) and can be altered (Vollrath and Mohren 1985; Vollrath et al. 1997; Coslovsky and Zschokke 2009 ). These changes can be caused not only by environmental factors (wind, vegetation supports, prey) (Heiling and Herberstein 2000; Liao et al. 2009 ), but also by spider behaviour during construction (Eberhard and Hesselberg 2012; Toscani et al. 2012) . For example, if a spider has a regenerated leg, the structure of the web may be modified (Vollrath 1987a ) but without altering its prey capture efficiency (Pasquet et al. 2011) . Some elements of symmetry and regularity in the web also changed due to environmental conditions (Harmer and Herberstein 2009; Kuntner et al. 2010a, b; Nakata 2010; Nakata and Zschokke 2010; Gregoric et al. 2013 ) and age (Anotaux et al. 2012) or when spiders were under the influence of drugs Hesselberg and Vollrath 2004) , Whether the building conditions are natural or in the laboratory may also affect the amount of silk invested in the web and web design (Sensenig et al. 2010) .
Since the construction of orb-webs can be considered as a perfect model resulting from a succession of fixed and repetitive behaviours, it is relevant to test the effect of a pretreatment on future constructions; does the fact that an orb-weaving spider did not build a web for a long period of time affect its future web building? This is relevant because some orb-web spiders spend several months without being able to build a web during winter. This is the case in the Palaearctic countries, where spiders spend winter as adult or sub-adults and do not make a web.
Web construction involves motor activity and cognitive ability (i.e. threads are deposited according to the presence of previous threads; Vollrath and Mohren 1985; Eberhard and Hesselberg 2013) . Changes associated with web geometrical structures have been observed at two different levels: changes that affected the global design of the web, which are generally measured by variations in web symmetry (Hesselberg 2013; Eberhard and Hesselberg 2012) , and changes that affected the web at a finer level involving the deposition of each thread segment (Toscani et al. 2012; Pasquet et al. 2013) .
Spider web building may change with building experience. In this context, web structure may be less perfect for spiders without the opportunity to regularly make webs (prevented from weaving) compared to webs made by spiders that regularly build webs. The European species, Zygiella x-notata is a good candidate for such a study: this species reproduces in autumn, but some adult or subadult females do not reproduce and spend winter in holes in the walls outside buildings (Bel-Venner and Venner 2006) . During this period, the spiders do not build a web; their next construction will take place at the beginning of spring, so they do not practice web construction behaviours for several months. In this study, we tested the hypothesis that a pretreatment with regular web building activity may improve web building behaviour.
Methods
Spiders Zygiella x-notata (Clerck) is an orb-weaving spider common in Europe. This medium-sized spider (females 5.5 to 8 mm and males 3 to 5 mm, Roberts 1995) has an annual life cycle, with the adults present at the end of summer and in autumn, but in some cases, sub-adult or adult females may otherwise survive the winter. Females lay egg sacs in autumn, and juveniles develop in the following spring. We collected sub-adult females in August and September and brought them back to the laboratory. They were fed with one fly (Lucilia caesar) and sprayed with water once a week. All spiders were examined every day to determine their developmental status: as they were collected as sub-adults, most moulted in the laboratory. Their age was noted as zero when they moulted. As they were maintained in laboratory conditions, we monitored their death date so as to determine their lifespan under the rearing conditions.
Protocol design
After moulting, all spiders were put into large frames (50 × 50 × 10 cm) where they built a web. This is referred to as test 1 (T1). Next, half of the spiders (sample B for the box group n = 112) were randomly chosen and placed into small boxes (10 × 7 × 2 cm) where they could not build a web. The other half (sample F for the frame group n = 111) were put into large frames. In each sample, spiders were fed with two flies (L. caesar) and sprayed with water once a week. Twelve weeks later, all living spiders (sample B, n = 82; sample F, n = 75) were put into large frames for test 2 (T2). During the tests (T1 and T2), the spiders were not fed, and there was no fly in the frames. Spiders were weighed before each test (Sartorius balance, Aubagne Cedex, France; 0.1 mg).
For each test (T1 and T2), spiders (samples B and F) were put into large frames for a 72-h period. For spiders of both groups, we considered only the first web built. Webs built in T1 and T2 by each spider were measured and photographed (Panasonic DMC-FZ18, Osaka, Japan) using a black background behind the web and an artificial white light. All the photographs were transformed into a negative picture (Photofiltre Software 7.0.1) to give a black silky thread on a white background.
Parameters

Web characteristics
Web structure (Figure 1 ) was considered at three different levels: investment in silk, general shape and anomalies in the capture spiral. The investment is measured by the length of the capture thread (CTL) (for formula, see Venner et al. 2001) and by the capture area (CA) (for formula, see Venner et al. 2001) , which represents the surface of the web minus the surface of the free sector (sector without spiral thread, characteristic of some Zygiella webs); the number of radii was noted for each web. Zygiella webs are asymmetrical; the lower part beneath the centre is larger than the upper part. We characterised the general shape by the asymmetry of each web by measuring the ratio between the length of the part above the centre and the length of the part below the centre. We added parameters to characterise the lower part of the web located under the centre, which is, for this species, the most important area for foraging activity (Nakata and Zschokke 2010) .
These parameters were the length of this lower part measured as the distance between the outermost and innermost spiral turns and the number of spiral turns. In this lower part of the web, mesh height was calculated by dividing the length of the lower part by the number of turns minus one.
Web anomalies
Anomalies (for definition, see Pasquet et al. 2013) were counted from the web photos. Anomalies are faults in the geometrical structure. They can affect the radii or the capture spiral. Three anomalies were concerned with the radii, and seven were concerned with the capture spiral, which was delimited by the innermost and outermost spiral turns. The capture spiral can be considered as a succession of threads joining two radii that we call spiral units. As the number of anomalies in a web depends on the total number of spiral units deposited by the spider (Pasquet et al. 2013) , we calculated the ratio of anomalies (A) per metre of length of the capture thread (A/CTL).
Statistical analysis
We used a chi-square (X 2 ) test to compare web building in the two groups (sample B vs sample F) in T1 and T2. A Kolmogorov-Smirnov goodness of fit test was applied to determine whether the sample data were likely to derive from a normally distributed population. When the data did not fit normality, we applied a log transformation (the following parameters were concerned: CTL, CA, number of radii, parameters of the lower part of the web). The influence of the rearing conditions (sample B vs sample F and T1 vs T2) on all web parameters was analysed with analysis of covariance (ANCOVA) using T1 data as covariate. To compare spider longevity, weight and web parameters between T1 and T2, we used a t test for paired data and only used the spiders that built a web in both tests (n = 25 for each sample). We used a t test for non-paired data to compare weight, longevity and web parameters between the samples B and F. Significance was considered at p < 0.05. Statistical tests were conducted with Statview Software (5.0) on a Macintosh platform.
Results and discussion
Results
Comparison of spider longevity and spider mass between the two rearing conditions
Longevity differed between the spiders of the two groups (B and F); spiders in boxes (B) had lived longer than those in the frames (F) (sample B, 146 days ± 44 (n = 82) and sample F, 128 days ± 47 (n = 60); t test: t 141 = 2.35, p = 0.02). There was no difference in spider weight between samples B and F in either T1 (sample B: m = 30.9, SD = 8.6 mg, n = 20 and sample F: m = 30.6, SD = 8.9 mg, n = 18; t test: t 36 = 0.12, p = 0.90) or T2 (sample B: m = 31.6, SD = 9.3 mg, n = 20 and sample F: m = 29.7, SD = 15.6 mg, n = 18; t test: t 36 = 0.45, p = 0.65). There was no weight variation between T1 and T2, either for spiders in sample B (t test for paired data: t 19 = 0.26, p = 0.79) or in sample F (t test for paired data: t 17 = 0.26, p = 0.80).
Variation in web building and web characteristics in each sample
Sample B Our analysis showed that for webs built in T1 and T2 (n = 25), the differences between web parameters were significant (Student's t test for paired data; Table 1 ) for all the parameters except for the number of radii, the mean inter-spiral turn distance in the lower part of the web and the asymmetry. There was a decrease in silk investment (CTL, capture area, length and number of spiral turns in the lower part of the web), with no difference in mesh height, and an increase in anomaly number (A/CTL) ( Table 1) .
Sample F Comparison between webs built in T1 and T2 for sample F (n = 25) showed significant differences for all parameters except for the inter-spiral turn distance in the lower part of the web (t test for paired data; Table 2 ). There was a decrease in silk investment (CTL, capture area, number of radii, length of the lower part of the web), with no difference in mesh height, and an increase in the anomaly number (A/CTL). The asymmetry decreased between the two tests ( Table 2) .
Comparison of the two samples
The number of spiders that spun a web did not differ between the two samples either in T1 (sample B = 78% vs sample F = 83%, X 2 1 = 0.66, p = 0.41) or T2 (sample B = 54% vs sample F = 55%, X 2 1 = 1.30, p = 0.25). ANCOVA, using the T1 data as covariate for each parameter, was carried out to separate the influence of spider rearing conditions from the effect of time. Twenty-five spiders in the two groups were taken into account in this analysis. The results showed that the following parameters had no influence regardless of rearing conditions: CTL (F = 2.3, p = 0.13), CA (F = 1.5; p = 0.22), number of radii (F = 2.7, p = 0.10), number of spiral turns in the lower part of the web (F = 0.0, p = 0.87) and A/CTL (F = 0.0, p = 0.88). There were two parameters which showed significant variation: length of the lower part of the web (F = 5.9, p = 0.02) and the asymmetry (F = 9.1, p = 0.004); mesh Comparisons were made between tests 1 and 2 (t test for paired data, n = 25).
Italicised characters indicate that the difference is significant at least at p < 0.05. Comparisons were made between tests 1 and 2 (t test for paired data, n = 25).
Italicised characters indicate that the difference is significant at least at p < 0.05.
height in the lower part of the web showed a strong tendency (F = 3.0, p = 0.06).
Discussion
Intra-individual variability in orb-web characteristics exists at different levels: silk investment, which is represented by the length of the thread that the spider produces (length of the spiral thread and number of radii) and web design characteristics (asymmetry, length of the lower part of the web and anomalies). In general, the design and characteristics of the web are known to vary with environmental or internal conditions. Web structure can be affected by gravity (Witt et al. , 1977 Vollrath and Mohren 1985) , the absorption of drugs (Witt and Reed 1965; Reed and Witt 1968; Hesselberg and Vollrath 2004) or a morphological disability (missing or shorter leg) (Vollrath 1987b; Pasquet et al. 2011 ). Furthermore, studies showed that web characteristics show variation at the intra-specific and intra-individual level Heiling and Herberstein 1999) , and it is known that web structure is the direct reflection of spider behaviour (Zschokke and Vollrath 1995) .
The first result of our study is that spider rearing conditions do not affect their weight; spider development in boxes and large frames was the same. One explanation could be that we tested virgin females, and their energetic needs are very different to those of reproducing females, but in the field, most Zygiella, which survived winter conditions, were sub-adult females (Bel-Venner and Venner 2006). As we know that weight can influence web characteristics due to gravity (Venner and Casas 2005) , we could disregard the spider weight when examining the differences between the webs of the two groups of spiders.
Our results showed that rearing conditions had no effect on the spider's investment in silky structures; there was no difference in the length of the thread used in web construction, and thus, there was no difference in the capture area surface or the number of spiral turns in the lower part of the web. Thus, regardless of rearing conditions and the spider's experience in orb weaving, they did not modify the amount of silk invested in the web. It is known that spiders in natural conditions invest more than those in the laboratory (Sensenig et al. 2010) , which could be linked to the fact that laboratory conditions are very poor, i.e. spiders do not have access to as many prey as in the field. We can conclude that the lack of practice of the stereotyped behaviours involved in the web construction had no effect on the final orb. In these conditions, we showed that we could breed numerous spiders in a small space and test their orb-web construction in larger enclosures with few consequences on the orb-web characteristics. This result validates studies in laboratory testing the effects of environmental or physiological factors on web characteristics.
The second interesting result of this study is that web asymmetry was affected by the rearing conditions; the spiders reared in boxes spun webs with greater asymmetry than the spiders that were reared in frames and had the opportunity to make webs whenever they wanted. In fact, the spiders in frames increased the symmetry of their webs between the two tests (T1 and T2). Asymmetry is one of the ways spiders enlarge their web's capture area. It is a response to the spider's physiological state (i.e. there are differences between asymmetry in webs depending on development; juvenile webs are more symmetric than adult webs Sensenig et al. 2011 ) or prey (i.e. prey size, Blamires et al. 2010 constraints. It is more efficient to enlarge the lower part of the web because it is easier to catch prey in this region than in other parts of the web due to gravity (Venner and Casas 2005; Kuntner et al. 2010b) . This is also an adaptation to environmental structural constraints (Kuntner et al. 2010a; Hesselberg 2013) , and this enlargement without increasing silk investment but by increasing mesh height could be interpreted in terms of optimal foraging; it is better for a spider to enlarge this part of its web where prey capture is more efficient (Gregoric et al. 2013 ). Thus, the spiders reared in boxes have a more similar building behaviour to spiders in the field; it seems that spiders in the frames adapt their web (with a greater symmetry) to the situation where they get regular food.
The third result from this study was the absence of a difference in the number of anomalies between the webs weaved by the spiders in the two groups. As anomalies are directly linked to behaviour during web construction (Foelix 2011) , we could expect that the number of anomalies would increase for the spiders reared in boxes, but this was not the case. These results are in agreement with the previous study by Sensenig et al. (2010) that found that the general design of the web structure was not affected when webs were built under natural conditions (fence) or in the laboratory. Anomalies have not been extensively studied for orb-webs; they were rather unevaluated in experiments where spiders were put in extreme conditions such as weightlessness , drugs (Witt and Reed 1965; Hesselberg and Vollrath 2004) , feeding (Blamires 2010 ) and ageing (Anotaux et al. 2012) . Anomalies are difficult to use as parameter as they are numerous and varied (Pasquet et al. 2013 ). This phenomenon is also very difficult to study under natural conditions: after construction, the geometrical design of an orb-web is never perfect in the field. As soon as a web is made, or even during construction, the structure may be damaged by external events (wind, insects, vegetal) . Indeed, under these conditions, it is difficult to determine whether an anomaly is the consequence of behavioural variation or due to external events. Previously, we showed that under laboratory conditions, anomalies in the orb structure are due to spider behavioural sequences during the capture spiral construction (Toscani et al. 2012) . However, in this present study, experience had no influence on the number of anomalies made during web construction. We can therefore conclude that the behavioural scheme for web building is not affected by experience.
Conclusions
In this paper, we asked this the question: had some form of pretreatment of an individual modified the outcome of a stereotyped behaviour? To answer this question, web construction by orb-weaver spiders appeared to be a good model. The orb-web is the result of a succession of stereotyped behaviours, and on the other hand, it is known that many environmental perturbations could lead to variations in web characteristics. Our study under laboratory conditions showed three main points: (1) the web building and the orb design of the web were not affected by the absence of building practice by the spiders, (2) there were some fine adjustments to the experimental situation and (3) these latter results were dependent of the spider's age. An interpretation of these results is that components of the stereotyped behaviour involved in web construction in orb-web spiders are robust and not influenced by the experience of the spider, but as we can find in the literature, the orb-web is a plastic object, which can adapt to environmental or individual conditions. This behavioural duality (stereotypy and adaptation) is the main result of our study and shows that it is necessary to introduce a pertinent choice of the web parameters in all studies on orb-webs.
